A small-scale plasma source based on a low-current vacuum arc is described. Temporal and spatial evolution of the ion current is measured. The plasma plume circular motion follows the cathode spot motion in the retrograde direction and is guided along the magnetic field line. It is observed that the applied magnetic field efficiently guide the plasma leading to an increase in the output ion current by a factor of 50 in comparison with that without the magnetic field.
Introduction
Vacuum arc plasmas are employed in a variety of applications ranging from circuit breakers [1] , thin film deposition [2] , ion implantation [3] and space propulsion [4] . Such wide applications of the vacuum arc are warranted due to outstanding properties of plasma jets (high degree of atom ionization, high directed ion energy etc) ejected from the high-density plasma of the cathode spots [5] . However, there are disadvantages such as relatively high cathode erosion and emission of macroscopic droplets, macroparticles (MPs), which are critical in some instances [6] . In particular, MP emission is detrimental for thin film formation while significant cathode erosion leads to changes in the geometry of microthrusters. This, in turn, causes performance degradation and is detrimental for microthruster applications [7] . Thus it is important to develop a plasma generated device that will be robust to electrode geometry changes due to electrode erosion during the operation. Another important consideration is suppression of plasma losses during plasma transport. It is known that properly configured magnetic field can focus the plasma, control the plasma transport in a curved path and limit plasma fluxes to the walls [2, [7] [8] [9] or radial expansion [10] .
In this paper, a miniature vacuum arc plasma source having characteristic diameter of plume of about several millimetres is proposed. The source implements a geometry concept that allows stable plasma generation regardless of electrode erosion and utilizes a magnetic field to control the plasma flow. In addition, this plasma source is characterized by the circular periodic motion of the plasma jet (in contrast to rotation of the entire plasma column considered previously in 'plasma centrifuge' [11, 12] ).The main objective of this paper is to demonstrate the feasibility of the concept and to measure temporal and spatial distribution of the ion current.
Experimental set up and diagnostics
A plasma source uses inductive energy storage for the power process unit (PPU) similar to the one described elsewhere [13] . The equivalent circuit is shown in figure 1 . The PPU operates in two stages. During the first stage, when the switch (insulated gate bipolar transistor (IGBT) is used) is closed, the inductor is charged by a DC power supply (20-30 V). The second stage starts at the moment of switch opening, which causes generation of voltage peak of about LdI/dt (up to several hundred volts) applied to the electrodes and causes the breakdown. Under vacuum conditions (operation pressure was about 1 × 10 −5 Torr) the breakdown occurs at voltage of about 100 V with the mechanism of arc ignition being similar to that reported in [14] . During the second stage, when the switch is open, the energy accumulated in the inductor during the first stage is fully switched to the vacuum arc load. Figure 1 shows the temporal evolution of the voltage between electrodes U and current in the inductor I ind . It is shown that the energy is accumulated in the inductor for about 1.5 ms and I ind reaches about 40 A prior to the breakdown. Breakdown occurs after the IGBT switch is opened causing voltage peak application to electrodes. Note that when the switch is closed, I ind is equal to the current flowing through the switch, while when switch is open I ind = I arc and U = U arc , where I arc and U arc are the arc current and arc voltage, respectively. Typical arc voltage was about 50 V and arc current decreased from 35 to 40 A down to 0 during the arc duration which was about several hundred microseconds. The thruster operated in the regime of thin metal film deposition on insulator which is balanced by its consumption during the breakdown. After about 3 × 10 5 pulses of continuous thruster operation the resistance between anode and cathode was stable in the range of about 1-5 k . It should be pointed out that only slight damage to the insulator surface was observed.
Figure 2(a) shows the schematics of a miniature magnetically controlled vacuum arc plasma source. It consists of two tubular titanium electrodes (anode and cathode) and isolator ring arranged coaxially as shown in figure 2(a) (length of anode, cathode and isolator were 2, 15 and 2 mm, respectively; inside diameter of tubes-5.3 mm). The curved magnetic field in the plasma source channel is created using a magnetic field coil (the length and outer diameter are about 15 mm and 45 mm, respectively; 700 turns of 0.5 mm diameter copper wire) with a 1020 steel core attached to it and mounted coaxially to the electrodes as shown in figure 2(a) . The magnetic coil system is movable in the axial direction in order to provide variable magnetic field geometry and strength. The total size of the source system is about 45 mm × 45 mm × 60 mm. The inner diameter of the cathode, isolator and anode is about 5.3 mm, the wall thickness of cathode, isolator and anode tube is about 0.6 mm and the thickness of the coil is about 15 mm with the inner diameter of the coil about 10 mm. simulations. The variable incidence angle of the magnetic field at the cathode-isolator interface (angle θ) is implemented. In this paper we present results for θ = 30
• (θ is shown in figure 2(c) ). The strength of the magnetic field increases linearly with the coil current and it is about 0.3 T at the cathodeisolator interface in the case of I coil = 20 A.
Four Langmuir probes were assembled and inserted inside the plasma source channel as shown in figure 2(a) in order to monitor cathode spot location. Probes were covered with insulating heat shrink tubes along their entire length except for a small part (about 1 mm) facing the cathode-isolator interface. Probes were biased to about −50 V with respect to the grounded cathode in order to collect the ion saturation current. are separated by about 1 cm (in the X direction) from each other and installed about 7.6 cm (in the Z direction) away from the cathode-isolator interface. Probes were biased to about −50 V with respect to the grounded cathode in order to collect the ion saturation current.
Experimental results
Let us first characterize the cathode spot motion along the cathode-isolator interface and the effect of a magnetic field on the cathode spot dynamics using a four probe assembly as shown in figure 2(a) . The temporal evolution of the signal from the probes is shown in figure 3 . Plasma signal to the probe is associated with the presence of the cathode spot plasma in the vicinity of this probe. Since probes are placed at four different azimuthal positions, propagation of the signal from one probe to the next one indicates the spatial evolution of the plasma in the azimuthal direction. From this analysis it follows that cathode spots move circularly during the arc pulse. The velocity was calculated using the time difference between two nearby current peaks as shown in figure 3 . It can be seen that the cathode spot velocity slightly decreases during the pulse as shown in figure 3 , which may be explained by a decrease in the arc current [2] . Average velocity was about 75 m s −1 in the case of a magnetic field of about 0.3 T. Recall that the cathode spot circular motion was observed in the −J × B direction in agreement with previously published data as reviewed in [15] . As shown in figure 2(c) , the plasma is rotated in the −J × B direction due to plasma jet injected perpendicular from the cathode surface and component of magnetic field parallel to the cathode surface. Post-experiment evaluation of the cathode surface indicated that cathode was eroded uniformly at the cathode-isolator interface confirming that the cathode spot moved azimuthally. Note that the signal to only one probe is observed at a given time (i.e. the peaks do not overlap) indicating that most likely only one single group spot is present.
The temporal evolution of total saturated ion current collected by the chamber walls is shown in figure 4(a) with magnetic field as parameter. It can be seen that increase in the magnetic field strength leads to an increase in the ion current. The dependence of the ratio of ion current, I jet (total ion current carried by the jet measured to the negatively biased probe), to the arc current, I arc (f = I jet /I arc ×100%) on the magnetic field is shown in figure 4(b) . It can be seen that the total ion current is very low (f = 0.06%) in the case without the magnetic field due to expansion and losses to the inner surface of the insulator and the anode. Magnetic field increase results in very significant increase in the total ion current (up to 50 times) and ion current fraction is saturated at about f = 3-3.5%. Note that f cannot exceed the maximum ion current fraction which is defined as f max = I max /I arc × 100%, where I max is the total ion current generated by the cathodic spot which is the upper limit of ion current achievable in cathodic arc [2, 16] . According to Kimblin [16] f max is about 8% in the case of the titanium arc. Thus ion current fraction, f = 3-3.5%, observed in the experiment corresponds to the efficiency of cathodic jet transport through the thruster channel of about 37.5-43.8%. The spatial distribution and temporal evolution of the output ion current were characterized by an assembly of 12 single probes as shown in figures 5(a) and (b) with and without the magnetic field. Let us first consider the spatial distribution of ion current. It can be seen that without magnetic field the ion current distribution is spatially symmetrical around the axis of symmetry of the source channel. On the other hand, the ion current peak is shifted by about 1.5 cm from the axis of symmetry in the presence of the magnetic field as shown in figure 5(b) . Recall that simulations of the magnetic field suggest that the magnetic field line passing through this point (x = 1.5 cm, z = 7.6 cm) originates from the cathode-isolator interface where cathode spot is located. This indicates that the plasma jet produced by the cathode spot at the cathode-isolator interface is guided along the magnetic field line as schematically shown in figure 2(b) . Now let us focus on the spatial evolution of the ion current (see figures 5(a), (b) ). In the case without magnetic field, the current remains axially symmetrical for the entire duration of arc. In contrast, in the case of an applied magnetic field the ion current peak appears first at x = 1.5 cm (at t = 20 µs), then shifts to x = −1.5 cm (at t = 65 µs) and finally returns back to x = 1.5 cm at t = 100 µs. This clearly indicates that the plasma jet motion follows the circular motion of the cathode spot. Thus the radial cathodic jet flow is effectively transformed into the axial flow allowing the plasma to be confined inside the channel reducing losses to the walls.
Based on the measured properties of the described plasma source one can suggest several promising applications. As a small-scale propulsion system, this source might provide a long lifetime operation as a result of the circular motion of the cathode spot and, therefore, uniform erosion of the electrode. In the simplest implementation the spring can be used to push the cathode tube to the firmly fixed isolator ring, which will provide automatic cathode feeding following the cathode consumption. Considering thin film deposition applications, the demonstrated circular motion of the plasma jet makes it possible to produce plasma deposition in an uniform manner on hard to reach inner areas of bodies with complex geometry. Moreover, the proposed plasma source might be promising for the control of MP contamination similar to that used in magnetic MP filters [2, 7, 15] . Indeed, the curved magnetic field (see figure 2(a) ) configuration guides the plasma jet to the substrate, while MPs created in the cathode spot will not be influenced by the magnetic field and will move in straight lines. This set up will thus separate the plasma from the MPs. Given that non-interacting plasma jets might be formed and, thus, plasma losses can be reduced, this filter configuration might be superior in comparison with traditional devices.
Concluding remarks
A small-scale vacuum arc plasma source was developed and characterized. It was found that the magnetic field significantly affects the plasma source performance. Experimental results suggest that cathode spot moves circularly in the case of a magnetic field applied contributing to uniform plasma formation and stable performance of the plasma source over a long time span. The uniqueness of this plasma device is that a single group cathode spot appears at a given time in the presence of a magnetic field. This leads to the possibility of creating a circularly moving plasma plume outside the source which cannot be observed in a large-scale high current plasma device. There is no significant mixing of the individual cathodic plasma jets which allows reduction in the wall losses. As a result, the ion current output increases by a factor of 50 in magnetically enhanced operation.
